On the timescale of solid oxide fuel cell (SOFC) system lifetime requirements, the thermodynamically predicted low-level substitution of chromium on the B-site of (La,Sr)MnO 3 could be a source of cathode degradation underlying more overt and well-known chromium poisoning mechanisms. To study this phenomenon in isolation, electronic conductivity (σ) and electrochemical oxygen reduction activity of the (La 0.8 Sr 0.2 ) 0.98 Cr x Mn 1−x O 3 model series (x = 0, 0.02, 0.05 or 0.1) were measured in air between 850 and 650 °C. Depending on the extent of chromium substitution and the measurement temperature, electrochemical impedance spectroscopy (EIS) results could be deconvoluted into a maximum of three contributions reflecting possible limiting processes such as oxide ion transport and dissociative adsorption. Chromium substitution resulted in lowered σ (from 174 S cm − 1 (x = 0) to 89 S cm − 1 (x = 0.1) at 850 °C) and a steady rise in associated activation energy (E a ) (from 0.105 ± 0.001 eV (x = 0) to 0.139 ± 0.001 eV (x = 0.1)). From EIS analyses, ohmic and polarisation resistances increased, whilst Ea for the overall oxygen reduction reaction also increased from 1.39 ± 0.04 eV (x = 0) to 1.48-1.54 ± 0.04 eV upon chromium substitution.
reflecting possible limiting processes such as oxide ion transport and dissociative adsorption. Chromium substitution resulted in lowered  (from 174 S cm -1 (x = 0) to 89 S cm -1 (x = 0.1) at 850 °C) and a steady rise in associated activation energy (E a ) (from 0.105 ± 0.001 eV (x = 0) to 0.139 ± 0.001 eV (x = 0.1)). From EIS analysis, ohmic and polarisation resistances increased, whilst E a for the overall oxygen reduction reaction also increased from 1.39 ± 0.04 eV (x = 0) to 1.48-1.54 ± 0.04 eV upon chromium substitution.
Introduction
Solid oxide fuel cells (SOFCs) are promising for the distributable and efficient conversion of chemical energy (e.g. from natural gas, biogas, liquefied petroleum gas) to electrical energy, and could thus play an important role in lowering greenhouse gas emissions. However, SOFCs can suffer from a number of stability problems, including chromium poisoning of the widely employed cathode based on the perovskite oxide (La,Sr) MnO 3 by chromium-containing metallic alloy interconnects. Numerous studies (e.g. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ) have considered the severity of chromium poisoning of (La,Sr)MnO 3 -based cathodes depending on whether the SOFC is operated under load or is held at open-circuit, whether the air supplied to the cathode is dry or humidified, and depending on the interconnect metallic alloy used (Inconel 600, Cr5Fe1Y 2 O 3 , Crofer22APU, RA446, 17-4 stainless steel, AISI 441, SUS430, ITM or ZMG232).
Chromium poisoning of (La, accompanied by the formation of (La,Sr)(Cr,Mn)O 3 according to the equations below [2] , which describe the reaction of (La,Sr)MnO 3 with solid (1) or gaseous (2) chromium species: 
Although thermodynamically predicted, chromium substitution into the perovskite lattice of (La,Sr)MnO 3 has not been observed during the course of chromium poisoning experiments, suggesting slow kinetics [21] .
Assuming slow kinetics, the non-observation of chromium-substituted (La,Sr)MnO 3 is not surprising considering that exposure times in all but one (Menzler et al [13] , 8,000 h exposure time) of the above-cited chromium poisoning studies were ≤ 3,000 h and therefore short compared to SOFC system lifetime requirements, which exceed 40,000 h [20, 22] . Moreover, it would be nearly impossible to distinguish any chromium-substituted (La,Sr)MnO 3 formed from (La,Sr)MnO 3 using the common technique of X-ray diffractometry (XRD), since these materials are isostructural on account of the fact that the ionic radii [23] of VI-coordinate (high spin) Mn 3+ (0.645 Å) and Cr 3+ (0.615 Å) are similar. Considering that SOFC system lifetime requirements are quite long, the thermodynamically predicted and seemingly slow process of chromiumsubstituted (La,Sr)MnO 3 formation could be a source of performance degradation underlying more overt and well-known chromium poisoning mechanisms.
To study in isolation the possible degradation of SOFC cathode performance due to the reaction of chromium species with (La,Sr)MnO 3 , the present study considers the electronic conductivity () and electrochemical oxygen reduction activity of (La,Sr)MnO 3 into which chromium was systematically substituted at low levels (≤ 0. [21] suggests that a substitution level approaching 10 % is thermodynamically possible.
Experimental
The (La 0. with acetone and dried before calcination at 1000 °C for 12 h. Calcined powder mixtures were ground in a mortar and pestle followed by uniaxial pressing under 150 MPa load into pellets that were fired at 1300 °C for 12 h. Fired pellets were ground in a mortar and pestle and resultant powders planetary ball-milled in isopropanol using Ø 3 mm zirconia balls at 400 rpm for 1 h. Recovered powders were uniaxially pressed, fired and milled as above. An additional planetary ball-milling step in isopropanol was carried out using Ø 1 mm zirconia balls at 400 rpm for 0.5 h in order to lower particle size and therefore improve sinterability of final powders. Room temperature powder XRD was performed on a PANalytical X'Pert Pro diffractometer operated in reflection mode using Cu-K 1 radiation, 2 range 20-80°, 0.017° step and 1 h scan duration.
Pellets for van der Pauw electrical conductivity measurements were prepared by mixing ~ 3. 
Results and Discussion

X-ray diffractometry
The XRD patterns of (La 0. The electronic conductivity () of (La 0.8 Sr 0.2 ) 0.98 Cr x Mn 1-x O 3 pellets measured in air between 850-650 °C using the van der Pauw method is shown in Fig. 2 . Electronic conductivity followed a small polaron hopping mechanism [25] , while the data presented in Fig. 2 was fitted using equation (5), where T = temperature, E a = activation energy and R = gas constant. Electronic conductivity is proportional to the product of the concentration and mobility of charge carriers values observed in this study were consistent with processes A,B and C, which relate to transport of oxide ions and/or oxygen intermediates across (La,Sr)MnO 3 /YSZ interfaces and through the YSZ phase of the composite, and to dissociative adsorption, transfer of species at TPBs, and surface diffusion, respectively.
Electrochemical oxygen reduction activity
Process D, related to gas diffusion impedance, was also observed in this study, however was not taken into account since the magnitude of this process was observed to be invariant with respect to x and temperature.
Process E, related to low frequency induction, was not observed in this study.
In addition to the deconvolution of process A,B from process C, it was found that process C could be further separated into two processes denoted here as C 1 and C 2 . EIS spectra were therefore fitted using the equivalent circuit depicted in Fig. 4 , where: L = inductance; R s = ohmic resistance; R A,B , R C 1 and R C 2 = polarisation resistances corresponding to processes A,B, C 1 and C 2 , respectively; and CPE A,B , CPE C 1 and CPE C 2 = constant phase elements corresponding to processes A,B, C 1 and C 2 , respectively. L and R s elements and the R C 2 //CPE C 2 unit were used in every fit, while the number of R//CPE units invoked was kept to a minimum. compared to chromium-substituted compositions (Fig. 7(b) ). E a values associated with process C 1 ( Table 1) for x = 0, 0.05 and 0.1 compositions were equal within experimental error, while that for the x = 0.02 composition was slightly lower in comparison. In the absence of chromium substitution, E a for process C 2 was lower by between 0.29-0.35 eV (Table 1) , which in part led to similar R C 2 values for all compositions at higher temperatures, while at lower temperatures R C 2 values for the x = 0 composition were substantially lower compared to x = 0.02, 0.05 and 0.1 compositions (Fig. 7(c) ).
The temperature dependence of the overall ORR presented in Fig. 7 
Conclusions
Chromium substitution for manganese on the B-site of (La,Sr)MnO 3 resulted in lowered  and raised E a with regard to electronic conductivity, and raised R p and E a associated with the overall ORR. In the case of electronic conductivity, lowered  and raised E a may be attributed to a lowering of the number of available small polaron hopping manganese B-sites. Regarding electrochemical oxygen reduction activity, raised R p and E a may be attributed to retardation of ORR processes including possibly transport of oxide ions and/or oxygen intermediates across (La,Sr)MnO 3 /YSZ interfaces, dissociative adsorption, transfer of species at TPBs, and surface diffusion.
